As a result, endosymbionts are expected to accumulate mildly deleterious mutations. If these constitute a substantial proportion of new mutations, endosymbionts will show (i) faster sequence evolution and (ii) a possible shift in base composition reflecting mutational bias. Analyses of 16S rDNA of five independently derived endosymbiont clades show, in every case, faster evolution in endosymbionts than in free-living relatives. For aphid endosymbionts (genus Buchnera), coding genes exhibit accelerated evolution and unusually low ratios of synonymous to nonsynonymous substitutions compared to ratios for the same genes for enterics. This concentration of the rate increase in nonsynonymous substitutions is expected under the hypothesis of increased fixation of deleterious mutations. Polypeptides for all Buchnera genes analyzed have accumulated amino acids with codon families rich in A+T, supporting the hypothesis that substitutions are deleterious in terms of polypeptide function. These observations are best explained as the result of Muller's ratchet within small asexual populations, combined with mutational bias. In light of this explanation, two observations reported earlier for Buchnera, the apparent loss of a repair gene and the overproduction of a chaperonin, may reflect compensatory evolution. An alternative hypothesis, involving selection on genomic base composition, is contradicted by the observation that the speedup is concentrated at nonsynonymous sites.
The rate of evolution for completely neutral mutations depends only on the mutation rate per individual (1). In contrast, for mutations affecting fitness, substitution rates also depend on population structure and the strength and direction of selection. In particular, rates of substitution for mildly deleterious mutations are greater in small populations and in strictly clonal ones (2-9). If a substantial proportion of mutations are mildly deleterious, small and/or asexual populations should show increased rates of sequence evolution (8) .
Prokaryotes show a wide range of population structures. Population sizes for most are believed to be extremely large, with effective population sizes estimated at 109 for Escherichia coli (10, 11) . Although natural populations of bacteria appear to be primarily clonal (e.g., see refs. [11] [12] [13] [14] [15] , recent findings indicate evolutionarily significant levels of recombination (16, 17) . In contrast to typical, free-living prokaryotes are endosymbiotic bacteria that live only within cells of eukaryotes and that are transmitted between hosts through maternal, cytoplasmic inheritance (18) (19) (20) . Phylogenetic analyses based primarily on 16S rDNA sequences indicate that these endosymbiotic lineages are derived from a variety of bacterial subdivisions (21) (22) (23) (24) . Concordance between endosymbiont and host
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phylogenies indicates that at least some endosymbiotic infections are ancient. For example, Buchnera aphidicola appears to have infected its aphid hosts 100-250 million years (MY) ago (25, 26) ; some other endosymbiotic infections may be still older (27 (21) , mealybugs (23) , and tsetse flies (29) , and also Wolbachia pipientis, a cytoplasmically transmitted bacterium that causes reproductive abnormalities in arthropods (24, 30) . Each was derived independently from free-living members of the Proteobacteria, and each infection appears to be ancient (22, 24, 25, 29) .
Relative rates tests (31, 32) (36, 37) . These diverged at the base of the clade of extant aphids 100-250 MY ago according to fossil and molecular clock evidence (25, 38 (26) . Molecular and fossil evidence suggests similar divergence times for the two pairs, with 140 MY hypothesized for the split between E. coli-S. typhimurium (9, 43) and 100-250 MY estimated for Buchnera(Sg)-Buchnera(Sc) (25) . Thus (32) . z scores were calculated as described (31) . All tests support the hypothesis that endosymbionts evolve faster (one-tailed tests with Ho: Kol </= K02 and H1: Kol > K02). *, P < 0.05; **, P < 0.01; ***, P < 0.001. (Table 4) . Likewise, amino acid frequencies within the trp sequences of Buchnera strongly favor those with codon families with high [A+T] (Fig. 2) . These observations support the hypothesis that a substantial proportion of nucleotide substitutions in Buchnera are deleterious at the level of polypeptide function.
DISCUSSION
The results above suggest that sequence evolution in Buchnera is governed by two unusual circumstances. The first is the increased rate of fixation of mildly deleterious mutations, as a consequence of smaller populations and no recombination. This condition appears to be general in cytoplasmically inherited, endosymbiotic bacteria, as supported by the relative rates tests on 16S rDNA (Table 1 ). The second circumstance is some process leading to an increase in [A+T] . A similar pattern of codon usage bias to that observed in Buchnera is found in some other prokaryotes (50, 53, 59, 60) and in animal mitochondria (49) . This has been attributed to mutational bias and contrasted with the adaptive codon bias documented for E. coli, in which highly expressed genes favor codons that are more Amino acids are grouped according to number of A+T in the codon family: 0-1 (alanine, glycine, proline), 1-2 (asparagine, cysteine, glutamic acid, glutamine, histidine, serine, threonine, valine), and 2-3 (aspartic acid, isoleucine, lysine, phenylalanine, tyrosine). Amino acids not fitting one of these categories (arginine, leucine, methionine, tryptophan) are omitted here.
efficiently translated (53) . If the bias in Buchnera toward A+T results strictly from mutational bias, then its major role in polypeptide evolution implies the accumulation of deleterious mutations. Many amino acid residues that have been conserved by selection from deep nodes of the phylogeny of the Proteobacteria are replaced in Buchnera with amino acids that allow greater A+T. In organisms with large and/or recombining populations, mutational bias has little effect on DNA sequences because it is overridden by selection, even at sites that are close to neutral (53 (19) , and selection on the host/endosymbiont association has caused adaptive evolution within Buchnera (36, 46) . The In lineages subject to Muller's ratchet, selection can favor increased severity of deleterious mutations (3, 10). Lack of repair genes in organelles has been noted as supportive of this theoretical finding (3); however, organelles provide rather weak evidence since they have lost most genes (66) . The apparent absence of recF in Buchnera(Sg) (39) provides stronger support, since it is missing from the position expected on the basis of knowledge of E. coli, with presence of >50 other coding genes now confirmed in Buchnera(Sg) (46) . An alternative interpretation of the apparent loss of recF is that its deletion itself constitutes a mildly deleterious mutation.
During normal existence within hosts, Buchnera produces unusually high amounts of the stress protein, or chaperonin, GroEL (48, 67) . High levels of GroEL also occur in endosymbionts of tsetse flies (68) . In typical prokaryotes, groEL is expressed at low levels except in response to environmental stress, such as heat. GroEL mediates the folding of a variety of polypeptides into their functional, folded forms (69) (70) (71) . Constitutive high expression of groEL in Buchnera (72) could be a compensatory mechanism that allows enzymes to retain functional conformation despite decreased stability caused by the accumulation of many amino acid substitutions.
Endosymbiosis is an evolutionary innovation without which many animal groups would not exist (20) . The patterns described for Buchnera raise the possibility that, once "captured," endosymbionts undergo long-term deterioration due to accumulation of mutations, possibly limiting long-term fitness of hosts.
